Purpose: We sought to evaluate the effectiveness of bone substitutes in circumferential periimplant defects created in the rabbit tibia. Methods: Thirty rabbits received 45 implants in their left and right tibia. A circumferential bone defect (6.1 mm in diameter/4 mm depth) was created in each rabbit tibia using a trephine bur. A dental implant (4.1 mm × 8.5 mm) was installed after the creation of the defect, providing a 2-mm gap. The bone defect gaps between the implant and the bone were randomly filled according to the following groups: blood clot (CO), particulate Bio-Oss ® (BI), and Bio-Oss ® Collagen (BC). Ten animals were euthanized after periods of 15, 30, and 60 days. Biomechanical analysis by means of the removal torque of the implants, as well as histologic and immunohistochemical analyses for protein expression of osteocalcin (OC), Runx2, OPG, RANKL, and TRAP were evaluated. Results: For biomechanics, BC showed a better biological response (61.00±15.28 Ncm) than CO (31.60±14.38 Ncm) at 30 days. Immunohistochemical analysis showed significantly different OC expression in CO and BC at 15 days, and also between the CO and BI groups, and between the CO and BC groups at 60 days. After 15 days, Runx2 expression was significantly different in the BI group compared to the CO and BC groups. RANKL expression was significantly different in the BI and CO groups and between the BI and BC groups at 15 days, and also between the BI and CO groups at 60 days. OPG expression was significantly higher at 60 days postoperatively in the BI group than the CO group. Conclusions: Collectively, our data indicate that, compared to CO and BI, BC offered better bone healing, which was characterized by greater RUNX2, OC, and OPG immunolabeling, Evaluation of bone substitutes for treatment of peri-implant bone defects: biomechanical, histological, and immunohistochemical analyses in the rabbit tibia J Periodontal Implant Sci. 2016 Jun;46(3):176-196 http://doi.org/10.5051/jpis.2016.46.3.176 pISSN 2093-2278·eISSN 2093-2286 and required greater reversal torque for implant removal. Indeed, along with BI, BC presents promising biomechanical and biological properties supporting its possible use in osteoconductive grafts for filling peri-implant gaps.
INTRODUCTION
Tooth extraction results in significant resorption of the alveolar ridge [1] . Some studies [2, 3] have revealed that the alveolar ridge reduces by approximately 0.34 mm to 7.7 mm horizontally and 0.22 mm to 3.25 mm vertically, 6-12 months after tooth extraction. Moreover, this resorption is more severe in the first 3 months.
In areas of bone resorption, satisfactory esthetic and functional results are challenging for delayed loading of dental implants [3] . To overcome this limitation, Schulte and Heimke [4] described the insertion of implants in fresh extraction sockets and classified this procedure as immediate dental implant placement. However, considering that after tooth extraction the alveolar socket is usually larger than the implant diameter, a marginal gap between bone crest wall and the implant surface is commonly observed, which could result in marked dimensional changes in the alveolar walls with respect to thickness and height [5] [6] [7] . Depending on the gap size, osseointegration can be achieved with or without the use of bone substitutes. The peri-implant marginal defect is usually widest in its marginal part and demands osseous healing from the defect walls to the implant surface. A previous study [8] evaluated a smooth surface implant placed in peri-implant bone defects in dogs. The results indicate that bone regeneration was found in a 0.5-mm wide defect gap. On the other hand, Botticelli et al. [9] demonstrated that spontaneous bone fill could occur after 4 months in circumferential gap defects up to 1.25 mm in combination with a rough surface implant (SLA) and guided tissue regeneration (barrier membrane). However, a wider circumferential peri-implant bone defect (above 1.25 mm) could not be histologically restored without the use of various bone-regenerative techniques and materials to encourage bone growth within these defects [10] . Several materials have been described in the literature to fill peri-implant gaps surrounding dental implants in an attempt to increase the reliability of the treatment. In this context, a marginal gap, extraction socket, and peri-implant gap can be filled with bone substitutes including autogenous, homogenous, heterogeneous, or alloplastic bone. In recent years, Bio-Oss ® Collagen (Geistlich Pharma AB, Wolhusen, Switzerland), a mineralized bovine bone matrix with the addition of 10% porcine collagen, has been highlighted as a bone substitute option in which the addition of collagen provides pro-angiogenic qualities, accelerated growth, and maturation and proliferation of the endothelial cells, which promotes physiological regeneration [11] . Several studies [12] [13] [14] in the scientific literature have been performed evaluating Bio-Oss Collagen to fill extraction sockets and periimplant gaps in pre-clinical and clinical studies. Currently, studies using this biomaterial for marginal gap filling have not yet provided much information regarding bone healing, especially in short periods of time [12, 14] . Moreover, no report has addressed the dynamics of tissue repair and biomechanics of Bio-Oss Collagen measured over different periods of evaluation.
Therefore, considering the need for better understanding of the dynamics of tissue repair using Bio-Oss ® Collagen, we aimed to evaluate peri-implant circumferential bone gap defects created in the rabbit tibia that were filled with a blood clot (CO), particulate Bio-Oss ® (BI) (Geistlich Pharma AB, Wolhusen, Switzerland), or Bio-Oss ® Collagen (BC). The rationale for this study is that particulate Bio-Oss ® plays major role in bone regeneration, and thus we want to compare it with Bio-Oss ® Collagen to evaluate the actual capability of this material to improve peri-implant bone formation for implants placed after osteotomies that resulted in circumferential gap defects. In this regard, our hypothesis was that Bio-Oss ® Collagen would favor the healing process in circumferential gap defects of 2 mm around osseointegrated implants when compared to blood clot and particulate Bio-Oss ® . To achieve this goal, biomechanical, histological, and immunohistochemical analyses for detection of osteocalcin (OC), runt-related transcription factor 2 (RUNX 2), osteoprotegerin (OPG), receptor activator of nuclear factor kappa B-ligand (RANKL) and tartrate-resistant acid phosphatase (TRAP) proteins were evaluated in this study after 15, 30, and 60 days postoperatively.
MATERIAL AND METHODS

Animals
For our animal experiment, the sample size calculation was based on previously published papers [15] [16] [17] [18] [19] [20] . We followed a randomized, prospective, controlled, animal model design following all the recommendations of the Animal Research: Reporting In Vivo Experiments (ARRIVE) guidelines for the execution and submission of studies in animals [21] . All rabbits were housed in animal facilities at 25°C, in 12-hour light:dark cycles. Throughout the experimental period, the rabbits were housed in individual plastic cages, and a normal chow diet and water were provided ad libitum. A total of 30 5-month-old male Albinus rabbits (New Zealand) with an average body weight between 3 kg and 4 kg were enrolled in this study. The animals were divided into three experimental periods: 15, 30, and 60 postoperative days (10 animals per period). For each period, 5 animals received 1 implant in each tibia while 5 animals received only 1 implant in either the right or left tibia. The right or left tibias were randomly selected. Then, the rabbits were randomly divided into three experimental groups of 5 animals each: control (blood clot -Group CO), particulate Bio-Oss ® (Group BI) and BioOss Collagen ® (Group BC) ( Figure 1 ).
Surgical procedure
Experimental surgery for implant placement was performed as previously described [17] . Briefly, the animals were anesthetized by intramuscular injection of ketamine hydrochloride at a concentration of 50 mg/kg (Francotar; Vibrac do Brasil Ltda., SP, Brazil) and xylazine hydrochloride at 5 mg/kg (Rompun, Bayer AS, Saúde Animal, SP, Brazil). Then, trichotomy and antisepsis were performed in each tibia with iodine solution (PVPI 10%, Riodeine Degermante, Rioquímica, SP, Brazil) and topical PVPI before surgical incision. Local anesthesia by infiltrative injection with mepivacaine hydrochloride (0.3 mL/kg, Scandicaine 2% with adrenalin 1:100,000, Septodont, France) was performed to assist hemostasis of the wound healing.
An incision 3.0 cm in length was made on the proximal tibia just below the knee to the depth of the bone tissue. The soft tissue was carefully dissected and lifted with the aid of a periosteal elevator, exposing the bone tissue for implant insertion. Subsequently, the receptor beds were prepared using a progressive sequence of drills (Sistemas de Implantes [SIN], SP, Brazil). Initially, a trephine bur was used for determination of implant positioning and for removal of the cortical bone (6.1 mm diameter/4 mm depth). Then, a sequence of lance drill, 2.0-mm drill, 2.0/3.0-mm pilot drill, and 3.0-mm drill was used to enlarge the osteotomy at the center of the 6. Bone substitutes for peri-implant defect defects were filled with: CO, particulate BI (Geistlich Pharma AB, Wolhusen, Switzerland), and BC (Geistlich Pharma AB, Wolhusen, Switzerland) ( Figure 2 ). For the BI group, the amount of particulate Bio-Oss ® was based upon completely filling the circumferential gap defect using of the form of Bio-Oss ® with small particles (0.25-to 1-mm particle size). 
Analysis of removal torque of implants
After the sacrifice of the animals in all the three periods evaluated, the tibial metaphyses of the rabbits were reopened for exposure and removal of the implants using reverse torque. An analogic torque gauge (ATG24CN, Tohnichi, Tokyo, Japan) with a scale range of 3-24 Ncm and divisions of 0.05 Ncm was attached to the torque driver for implant removal.
Counterclockwise rotation was conducted to apply reverse torque and rotate the implant inside the bone tissue. The maximum torque value (N.cm) necessary for rupture of the bone/ implant interface was measured, as described [22] .
Histological processing
After implant removal using reverse torque, samples of the bone/implant interface were removed and immersed in 10% paraformaldehyde for 72 hours. Then, the samples were decalcified in 5% ethylenediaminetetraacetic acid (EDTA) for 3 months. Subsequently, the samples were washed in running water for 24 hours, dehydrated, diaphonized and paraffin embedded, and 5-µm sections were obtained. Hematoxylin and eosin (H&E)-stained slices were obtained for morphological analysis of bone repair in the different groups and periods. For histological analysis, images were captured at 125× using a digital camera (Leica DFC 300FX, Leica microsystems, Heerbrugg, Switzerland) attached to a light microscope (Leica Aristoplan Microsystems-Leitz, Benshein, Germany).
Immunohistochemistry
For immunohistochemistry, the primary antibodies were used as following: osteoprotegerin (OPG, goat anti-OPG; Santa Cruz Biotechnology, SC21038), receptor activator of nuclear factor kappa-B ligand (RANKL, goat anti-RANKL; Santa Cruz Biotechnology, SC7627), osteocalcin (OC, goat anti-OC; Santa Cruz Biotechnology, SC18319), tartrate-resistant acid phosphatase (TRAP, goat anti-TRAP; Santa Cruz Biotechnology), and runt-related transcription factor 2 (RUNX2, goat anti-RUNX2; Santa Cruz Biotechnology).
Immunohistochemical analysis was performed by the immunoperoxidase method using the biotinylated donkey anti-goat secondary antibody (Jackson Immunoresearch). The avidin/biotin complex (Vector Laboratories) was used for signal amplification with diaminobenzidine (DAB, Dako) as chromogen according to the manufacturer's instructions. The sections were counterstained with Harris hematoxylin. As a negative control, primary antibody was omitted and the sections were incubated with 1% PBS to assess background staining while the lower cortex of the tibia was used as a positive control to check the effectiveness of the antibodies. A calibrated examiner, blinded to the experimental groups, analyzed the digital images in an optical microscopy (Leica microsystem GmbH, Wetzlar, Germany) at 40× magnification. Quantification of protein expression was evaluated in the region of the implant threads by an ordinal quantitative analysis based on scores (hyperpositive +++, super-positive ++, positive +, and negative -) according to previous published studies [23] [24] [25] . The RANKL:OPG ratio was also used to evaluate the tendency toward osteoclast formation or inhibition in the different groups [26] .
Statistics
The GraphPad Prism 6.0 software package (Graph-Pad Software, Inc., La Jolla, CA, USA) was used for statistical analysis and visualization of the data. All data were expressed as mean±the standard error of the mean (SEM). After testing of the normal distribution (KolmogorovSmirnov test), differences were analyzed by the Kruskal-Wallis test or one-way ANOVA followed by post hoc Dunn's and Tukey's test, respectively, for multiple comparisons among groups. In addition, correlations between the reverse torque values and immunohistochemical staining's were investigated for all groups and periods using Spearman's rank correlation coefficient. The following correlation values (r) and categories were considered positive: r=0 to 0.3, weak correlation; r=0.3 to 0.7, moderate correlation; and r=greater than or equal to 0.7, strong correlation. Differences were considered significant at P<0.05.
RESULTS
Biomechanical analysis
Analysis of the implant removal was performed using revere torque after the animals were sacrificed. No statistical difference was found among periods in the CO and BI groups. However, in the BC group, lower reverse torque was found at 15 days (mean±SD = 24.80±7. 
Morphological analysis
At 15 days, in the CO group, the region of the implant threads exhibited initial bone tissue repair with intense proliferation of connective tissue (CT) and the presence of blood clotting. Direct contact between the implant and CT was also observed ( Figure 4A ). In the upper cortical region, the cement line and bone trabeculae (BT) were surrounded by cellularized CT ( Figure 5A ). In the BI and BC groups, the region of the implant threads presented bone neoformation with osteoblasts at the implant/bone interface and CT between the threads ( Figure 4B and C). In the upper cortical region, a cement line and bone neoformation surrounding the biomaterial and CT were observed ( Figure 5B and C).
At 30 days, in the CO group, CT was found at the implant threads and upper cortical region without signs of osseointegration ( Figure 4D and 5D ). However, in the BI and BC groups, the region of the implant threads exhibited bone neoformation with osteoblasts at the bone/ implant interface and smaller areas with CT ( Figure 4E and F). In the upper cortical region, bone neoformation surrounding the biomaterial and minor areas with CT were observed ( Figure 5E and F).
At 60 days, the results of the CO group were similar to the previous 15 and 30-day periods, with fibrous CT in the region of the implant threads and upper cortical region without signs of osseointegration ( Figure 4G and 5G ). In the BI and BC groups, similar results were found at the region of the implant threads with CT surrounding the biomaterial ( Figure 4H and I ). In the upper cortical region of the BI group, fibrous CT was found surrounding the biomaterial ( Figure 5H ). However, in the upper cortical region of the BC group, bone trabeculae were found adjacent to the biomaterial. A reduced number and volume of bone trabeculae were also observed in this period ( Figure 5I ).
Immunohistochemical analysis (IHC)
IHC reactions were conducted using primary antibodies anti-OC, -RUNX2, -OPG, -RANKL, and -TRAP. The reaction was analyzed during the healing period at the bone/implant interface.
Osteocalcin (OC)
The labeling of OC was observed in the region of the implant threads in the CO group in all periods, which confirmed cell viability. In this group, a significant statistical difference (P=0.001) was found for labeling at 15 days (2.00±0.00) (positive) and the other periods (3.00±0.00) (super-positive) ( Figure 6A , D, and G). In the BI group, positive labeling of OC was found, and the value remained stable over the postoperative periods ( Figure 6B , E, and H). However, Figure 6J shows reduced expression between 15 (2.60±0.54) and 30 (2.00±1.00) days, and equilibrium between 30 and 60 (3.00±0.00) days. In the BC group, OC labeling ranged from super-positive to positive in the initial and final periods, respectively ( Figure  6C , F, and H). There was a statistically significant difference (P=0.001) between 15 days (3.00±0.00) and the other periods evaluated (2.00±0.00) ( Figure 6J ). In comparing OC labeling among the different groups, at 15 days, a statistically significant difference (P=0.004) was found between CO and BC, with higher labeling in the BC group ( Figure 6J ). Although no statistically significant difference was found between groups at 30 days, higher OC labeling was seen for the CO group. At 60 days, the CO group showed higher OC labeling than the other groups (P=0.001).
Runt-related transcription factor 2 (RUNX2)
No statistically significant difference was found for RUNX2 labeling between the CO and BC groups, and stable labeling was exhibited over the periods ( Figure 7A and C) . However, the CO group presented reduced labeling from positive to negative at 60 days ( Figure 7G ). In the BI group, RUNX2 labeling ranged from negative to positive. There was a statistically significant difference at 15 (1.00±0.00) and 30 (2.25±0.95) days, with reduced labeling at the initial period ( Figure 7B , E, H, and J). Comparing the groups, BI (1.00±0.00) showed lower RUNX2 labeling than CO (2.35±0.57) and BC (2.50±0.57) at 15 days with a statistically significant difference (P=0.006). Nevertheless, stable labeling was found in all groups at 30 and 60 days ( Figure 7J ).
Osteoprotegerin (OPG)
The OPG labeling ranged between negative and positive in the CO and BC groups. No qualitative alteration was found over the periods ( Figure 8A , C, D, F, G, and I). In the BI group, OPG labeling ranged from positive to super-positive. A statistically significant difference was identified (P=0.004) at 30 (2.00±0.00) and 60 (3.00±0.00) days with increased labeling at the final period ( Figure 8B , E, H, and J). No statistically significant difference in OPG labeling was observed among the three groups at 15 and 30 days. However, higher OPG labeling was found in the BI (3.00±0.00) than in the CO group (1.40±0.54) at 60 days (P=0.004) ( Figure 8J ). Bone substitutes for peri-implant defect Figure 5 . Light micrographs from upper cortical region and bone defects in the CO (5A, 5D and 5G), BI (5B, 5E and 5H), and BC (5C, 5F and 5I) groups at 15 (5A-5C), 30 (5D-5F), and 60 days (5G-5I Bone substitutes for peri-implant defect 
Receptor activator of nuclear factor kappa-b ligand (RANKL)
In the CO group, RANKL labeling ranged from negative to positive. A statistically significant difference (P=0.001) was found between 60 days (1.00±0.00) (negative) and the other periods (2.00±0.00) (positive) ( Figure 9A , D, and G). In the BI group, there was no statistically significant difference in RANKL labeling over the periods ( Figure 9B , E, and H). However, labeling reduction was observed over time, ranging from positive to super-positive ( Figure 9J ). In the BC group, RANKL labeling ranged from negative to positive. A statistically significant difference (P=0.028) was found at 30 (2.50±0.57) and 60 (1.50±0.57) days with reduced labeling at the final period ( Figure 9C, F, I , and J). Comparing the groups, BI (3.00±0.00) exhibited higher RANKL labeling than CO (2.00±0.00) and BC (1.75±0.50) at 15 days (P=0.002), but no difference was found at 30 days. At 60 days, BI (2.33±0.57) showed higher RANKL labeling than did CO (1.00±0.00) (P=0.005) ( Figure 9J ). Although no statistically significant difference was found between the groups for the RANKL/OPG ratio, the BC group showed lower values than the other groups in all periods of evaluation (data not shown).
Tartrate-resistant acid phosphatase (TRAP)
The CO group presented increasing TRAP labeling from negative to positive at 60 days, which indicates a higher tendency toward bone resorption than neoformation. However, no statistically significant difference was observed since labeling remained stable ( Figure 10A , D, and G). In the BI group, no statistically significant difference in TRAP labeling was found over the different periods. However, a slight increase in TRAP labeling at 30 days in comparison to the other periods was observed ( Figure 10B , E, H, and J). Although no statistically significant difference in TRAP labeling was found in the BC group, increased expression was noted at 60 days ( Figure 10C , F, and I). 
Correlations between the reverse torque values and immunohistochemical stainings
DISCUSSION
The healing of a fresh alveolar defect (i.e. the 4-wall defect) is conducted by maintenance of blood clotting in the region. To preserve the dimensions of the alveolar ridge and promote healing, filling the alveolus with biomaterial is indicated [1, 27, 28] . In addition, the insertion of biomaterial simultaneously with implant placement may enhance functional and esthetic restoration. Thus, the aim of this study was to evaluate the bone repair surrounding dental implants in circumferential gap defects filled with CO, BI, and BC. To the best of our knowledge, this is the first investigation regarding the use Bio-Oss ® Collagen in peri-implant http://jpis.org http://doi.org/http://doi.org/10.5051/jpis.2016.46.3.176
Bone substitutes for peri-implant defect defects for short periods of time (15, 30 , and 60 days), using biomechanical, morphological, and immunohistochemical analysis. Our results indicate that BC offered improved bone healing compared to the CO and BI groups, which was characterized by increased RUNX2, OC, and OPG immunolabeling, and increased reversal torque for implant removal especially in the 30-day period. Indeed, both BC and BI have promising biomechanical and biological properties supporting their possible use as osteoconductive grafts for filling peri-implant gaps.
Considering the biomechanical and immunohistochemical results, bone formation was observed in the BC group, as evidenced by increased RUNX2, OC, and OPG immunolabeling, and increased reversal torque for implant removal, especially in the 30-day period. It should be emphasized that in the BC group in the 15-day period, the OC expression was significantly higher than in the CO group. Accordingly, the removal torque of the BC group was statistically significantly different compared to the CO group in the 30-day period. However, it is important to highlight that bone resorption characterized by RANKL and TRAP staining revealed osteoclast activity that continued consistently over time. This fact, associated with reduction in OC expression in the BI and BC groups during the 60-day period, resulted in decreased bone formation, and consequently, the presence of higher amounts of connective tissue. These findings reflect the values obtained in the removal torque analysis, which showed lower values for the BI and BC groups at day 60.
Primary implant stability is determined by the physical contact between bone and implant and is due to the resistance produced by elevated insertion torque [17] , and it is essential for osseointegration [29] , which is produced by the biologic contact between implant and bone. Unstable implants may lead to formation of peri-implant fibrous connective tissue [30] . The biomechanical analysis of osseointegration in animals is based on removal torque that is proportional to the percentage of bone/implant contact [31] . Here, the biomechanical test revealed a statistically significant difference in the BC group at 15 and 30 days. The BC group showed increased removal torque values (61.00±15.28) compared to the CO group (31.60±14.38) at 30 days. This finding could probably be attributed to the collagen that is rapidly resorbed, and the particles of Bio-Oss ® act as a framework for mineralization, improving the osseointegration of the implants and favoring bone-to-implant contact [32] . In the 60-day period, the torque removal analysis showed no statistically significant difference between the CO (42.4±10.90), BI (29.6±14.41), and BC (39.4±17.84) groups. The BI and BC groups showed a decrease in the reverse torque at 60 days without a statistically significant difference. Similar results were observed in histological analysis since connective tissue was found surrounding the biomaterial. In this context, Antunes et al. [33] showed that implants associated with Bio-Oss ® present poor stability after 2 months in bone defects created in the dog mandibles. Another fact that might influence the biomechanical analysis is the lack of mechanical loading on the implant since loading can be a positive effect on bone-to-implant contact in peri-implant defects filled or not filled with bone grafts [34] .
Several studies in the literature have evaluated bone repair in peri-implant defects filled with biomaterials using animal [8, 12, 14, 29, 35] and human [1, 5] models. The peri-implant defect reconstruction can be evaluated through clinical, histological, radiographic, and immunohistochemical analyses. In the present study, rabbits were selected as the experimental model because they are easy to handle, and due to the size of their tibia, allowing the creation of a large peri-implant defect and the installation of conventional implants in the proximal region of the tibia, far from the growth plate (tibial metaphysis).
The conical shape of the alveolus is usually wider than the implant dimensions, which results in a gap between the threads of the implant and the bone tissue. Some studies [5, 12, 29] evaluated this marginal gap with respect to the insertion of biomaterials. Akimoto et al. [8] demonstrated that the diameter of the bone defect influences the percentage of bone/implant contact, which hints to the potential usefulness of inserting biomaterial for filling of those defects. Accordingly, Carlsson et al. [36] concluded that residual gaps remained in defects of 0.85 mm. In the present study, a peri-implant defect with cervical diameter of 1 mm wider than the implant diameter was reproduced to simulate the insertion of a dental implant into a fresh extraction socket. The lack of bone neoformation in the cervical and medial (medullary) areas in the CO group confirmed the maintenance of residual gaps.
In the evaluations at 15 and 30 days, the BI and BC groups demonstrated significant bone neoformation at the bone-to-implant interface with the presence of biomaterial. However, after 60 days, the biomaterial was surrounded by connective tissue in the BI group. Comparably, Carmagnola et al. [11] evaluated peri-implant tissue reactions using Bio-Oss ® and concluded that the demineralized bovine bone did not integrate into the host tissue after 4 months, which suggests that the bone defect was wide and deep. Here, the rabbit tibia was the receptor site, which represented a medullary region without bone trabeculae to support the biomaterial. Carmagnola et al. [37] also conducted a study in humans and reported that Bio-Oss ® shows slow resorption and healing with fibrous encapsulation, which delayed bone remodeling. These findings parallel observations made by Artzi et al. [38] that showed the presence of non-resorbable particles of bovine bone mineral surrounded by connective tissue in human extraction sockets. However, Araújo et al. [12] conducted a study in dogs to evaluate the bone repair in peri-implant defects filled with Bio-Oss ® Collagen. The biopsies were collected after 6 months for histological analysis. The authors concluded that the Bio-Oss ® Collagen changed the healing of the hard tissue, improving the bone-to-implant contact. These results closely resemble observations made by Han et al. [14] that showed in a study in dogs that the particles of Bio-Oss ® and Bio-Oss ® Collagen were completely integrated into the bone tissue after 8 weeks.
The immunohistochemical analyses revealed important information regarding cell behavior based on the expression of proteins for bone metabolism during osseointegration. RUNX2 is a transcription factor from Runt genes found in pre-osteoblasts and osteoblasts. This protein regulates osteoblast differentiation, formation of extracellular matrix, and bone mineralization being essential for bone tissue formation and development. Its action might occur by either binding to specific regions of DNA or by activation of a cascade reaction recruiting enzymes that will catalyze the transcription of osteoblastic genes [39] . In this study, the RUNX2 staining in the BI group was reduced below the CO and BC groups at 15 days. These findings could be explained because the Bio-Oss ® is an osteoconductive material with a greater volume of non-resorbable particles, which results in reduced space between the particles for bone neoformation. In the BC group, the collagen was rapidly absorbed, leaving more space for bone neoformation and higher RUNX2 labeling.
Osteocalcin was also studied since it is expressed by osteoblasts and binds to the hydroxyapatite of bone matrix. It is important for maturation of bone mineral content, and it is only found after the end of osteoblast proliferative activity, representing a differentiated and mature stage of those cells. Its activity occurs during the initial steps of bone repair for regulation of osteoblast activity [40] . The results of this study showed that the BC group exhibited higher OC labeling than the CO group at 15 days, which is associated with the higher RUNX2 labeling in the BC group. The CO group showed higher OC labeling than the BI and BC groups at 60 days. This result is probably associated with bone turnover, which means that bone mineralization occurred before the last period of evaluation in this study (i.e. 60-day period) [29] .
Osteoprotegerin is considered a regulatory protein for osteoclast formation and activity. Its presence is related to inhibition of bone resorption. Although all groups have exhibited similar OPG labeling at 15 and 30 days, the BI group showed higher labeling than the CO group at 60 days. On the other hand, RANKL labeling is related to activation of bone resorption. The results of this study showed that the BI group demonstrated more RANKL labeling than the CO group at 15 and 60 days. Considering that OPG and RANKL have opposite functions, the analysis of their ratio reveals their relative influence on bone remodeling [26] . In this regard, the RANKL/OPG ratio was calculated for all groups. Considering that the BC group presented lower values than the other groups in all periods, Bio-Oss ® Collagen represents a greater tendency toward bone resorption inhibition. Tartrateresistant acid phosphatase (TRAP) is a protein related to bone resorption and an important marker of osteoclastic activity [26] . The results showed equilibrium of TRAP labeling between the groups, indicating similar resorption activation.
Regarding the correlations between torque values and bone formation markers, in the CO group, a strong correlation was found between the torque at 30 days and RUNX2 expression at 60 days. In the BI group, 60-day torque analysis was strongly correlated with OC expression at 15 and 30 days. The BC group showed a strong correlation between 30-day torque and 60-day OC expression. When bone resorption proteins were considered, there was strong correlation between 30-day torque and the expression of OPG and TRAP at 15 days in the BC group. All these findings indicate that there was a relationship between torque values and proteins associated with bone formation or resorption. The bone remodeling in the early period (15 days) apparently resulted in high torque values in the next period (30 days). The early expression of RUNX2 (related to osteoblast differentiation and then bone formation) may be associated, at least in part, with the torque at 30 days. In the latter period (60 days), the expression of OC (related to bone mineralization) may be responsible for torque values.
In summary, using a peri-implant bone defect in the rabbit tibia, we demonstrated through biomechanical, histological, and immunohistochemical analyses that, compared to the CO and BI groups, BC enhanced bone healing, which was characterized by increased RUNX2, OC, and OPG immunolabeling, and higher reversal torque for implant removal, especially at 30 days. Accordingly, the BI group showed increased expression of OPG at 15 and 60 days. Indeed, based on our findings, it can be concluded that BC, as well as BI, presents promising biomechanical and biological properties supporting its possible use in osteoconductive grafts for filling peri-implant gaps and may be considered a safe and predictable biomaterial for pre-clinical and clinical use.
